We present an effective generic method for manipulating energy flow in a metal-dielectric-metal plasmonic waveguide by spatially varying the thickness of the dielectric layer. To illustrate the utility of our method, we theoretically design a plasmonic convex lens and analyze its performance using full-wave numerical simulations. In particular, we show that such a lens is low dispersive and broadband. [13] suggested that the method of transformation optics can provide powerful tools to precisely control the flow of SPPs almost at will. For example, SPPs can be squeezed to an appropriately designed shell (known as plasmonic invisibility cloak) so that their scattering at an object inside the shell is almost entirely suppressed [14] . However, in order to construct a transformation optics device, one needs to have metamaterials with both anisotropic and inhomogeneous constitutive parameters, which are difficult to fabricate or find in nature. This severely restricts the practical applications of plasmonic devices designed using transformation optics, and challenges researchers to find alternative ways of SPP manipulation with naturally available materials.
Surface plasmon polaritons (SPPs) are the coupled excitations of electromagnetic field and free-electron gas, which are either guided by metal-dielectric interfaces or localized at metallic nanoparticles [1, 2] . The deep subwavelength confinement of SPPs allows visible or infrared light to be concentrated into regions as small as a few nanometers. This prominent capability has numerous applications in highly integrated systems for photonic communications [3] , biosensing [4] , and nanoresolution optical imaging [5] . A great deal of effort has been devoted to the development of various plasmonic structures for guiding and manipulating light, with the miniaturization advantage available with semiconductor electronics [6] [7] [8] [9] . Among the challenges associated with the fabrication of integrated plasmonic circuitry designed for optical frequencies, absorption loss and frequency dispersion are the two major factors limiting the practical applications of plasmonic nanodevices. Doping media with active molecules [10] or minority carrier injection [11] were proved to be effective methods for loss compensation. However, the concepts for designing plasmonic devices with reasonably low dispersion at optical frequencies are still at their infancy.
Recently, Huidobro et al. [12] and Liu et al. [13] suggested that the method of transformation optics can provide powerful tools to precisely control the flow of SPPs almost at will. For example, SPPs can be squeezed to an appropriately designed shell (known as plasmonic invisibility cloak) so that their scattering at an object inside the shell is almost entirely suppressed [14] . However, in order to construct a transformation optics device, one needs to have metamaterials with both anisotropic and inhomogeneous constitutive parameters, which are difficult to fabricate or find in nature. This severely restricts the practical applications of plasmonic devices designed using transformation optics, and challenges researchers to find alternative ways of SPP manipulation with naturally available materials.
The propagation of SPP modes in a metal-dielectricmetal (MDM) gap waveguide depends critically on the effective mode index [15] . In this Letter, we suggest a generic method to create the desired lateral profile of the effective mode index by spatially varying the dielectric gap thickness of the MDM waveguide. We theoretically design a convex lens that can transform a circular SPP wave induced by a point source to a planar wave (see Fig. 1 ). The performance of the convex lens is illustrated by rigorous analysis and numerical simulations, which reveal that the lens is low dispersive and can be used for a wide range of optical frequencies.
We start our analysis by considering the dispersion relation for SPPs traveling along a planar MDM plasmonic waveguide. It is assumed that the thickness of the metallic parts of the waveguide are much larger than the evanescent decay length of the SPP fields, so that these parts can be considered as semi-infinite. We also assume the dielectric gap of thickness h to be thin enough for the waveguide to support only a symmetric SPP mode at the wavelength of interest. If the propagation of SPPs along the y axis is governed by the propagation constant β, then the transverse components k m and k d of SPP wave vector inside metal and dielectric are given by the expression k 2 md β 2 − ε md ω∕c 2 , where ε md is the permittivity of metal (dielectric), ω is the SPP frequency, and c is the speed of light in a vacuum. With these notations, the dispersion equations for the propagation constant reads [1] :
For simplicity, we take ε d to be a real constant. Since Im ε m ≪ Re ε m at the optical frequencies we are interested in, the permittivity of metal can be approximately characterized by the lossless Drude model [16] , ε m ε ∞ − ω 2 p ∕ω 2 , with ε ∞ being the high-frequency permittivity and ω p being the plasma frequency.
In the case of k d h ≪ 1 and tanhk d h∕2 ≈ k d h∕2, the dispersion relation in Eq. (1) may be solved analytically for the effective mode index n βc∕ω of the waveguide, with the result [17] 
where α −ε d c∕ε m hω. This equation may be rewritten to express the thickness of the dielectric gap h as a function of the effective mode index as
It is seen that we can construct a waveguide with almost arbitrarily varying mode index by appropriately choosing its dielectric gap profile. Fabrication of special dielectric gap profiles can lead to many useful applications. As an example, we design an MDM-waveguide analogue of a convex lens. It is well known that a planar gradient-index medium can transform a cylindrical wave to a plane wavebehaving essentially like an ordinary convex lensprovided the refractive index of the medium varies in the transverse direction according to the formula [18] 
where n 0 is the refractive index at lens center x 0, f is the focal length, and w is the width of the gradient-index medium [see Fig. 1(c) ]. One can make the effective mode index of an MDM waveguide to follow Eq. (4), by fabricating the lateral waveguide profile hx ≡ hnx according to Eq. (3). A waveguide section with such a profile will act as a convex lens for SPPs. In order to illustrate the performance of the plasmonic convex lens, we perform full-wave numerical simulations using a commercial finite-element package COMSOL MultiPhysics. We assume the plasmonic lens to be 10 μm in length and lie between coordinates x 5 μm. The focal length and width of the lens are chosen to be f 8.5 μm and w 5 μm, while n 0 is set to 1.7. These parameters correspond to the lateral distribution of the refractive index shown by solid curve in Fig. 2 (left  scale) . We consider SPPs of free-space wavelength λ 1.55 μm propagating along a composite silver-airsilver waveguide shown in Fig. 1(a) . The waveguide is composed of two planar waveguides of effective mode indices n 0 and a gradient-index waveguide mimicking a convex lens between them. The material parameters are chosen to be ε d 1, ε ∞ 6, and ω p 1.5 × 10 16 rad∕s [16] . The air-gap profile calculated for these parameters using Eqs. (3) and (4) is shown in Fig. 2 (right scale) . It is seen that the thickness of the air gap increases from about 22 nm for x 0 to 52 nm for x 5 μm.
To investigate the performance of the real plasmonic lens, we now take into account the ohmic losses in silver parts of the waveguide structure, by using the permittivity ε m 6 − 2.25 × 10 32 ∕ω 2 7.7 × 10 13 iω, where ω is measured in radians per second [16] . Figure 3(a) shows how the convex lens transforms a 1.55 μm SPP wave emitted by a point source into a planar wave, when the source is placed at the focal point of the lens with the profile shown in Fig. 2 . Despite the presence of loss, the circular SPP wave is seen to be nicely transformed inside the graded-index waveguide, and to propagate with almost parallel wavefronts after it. On another hand, when a plane SPP wave is incident on the plasmonic lens from the left, the transmitted wave focuses at the focal point, as shown in Fig. 3(b) . It is seen that the introduction of the absorption loss does not significantly affect the performance of the plasmonic lens designed based on the lossless model of metal.
Plasmonic devices are intrinsically dispersive, since the permittivities of nobel metals significantly vary with the optical wavelength. It is therefore instructive to analyze the lens' performance as a function of SPP wavelength. The insert of Fig. 2 shows the derivative −dn∕dλ for three positions inside the gradient-index section of the waveguide. The derivative is seen to be relatively small in the entire spectral range of interest. In particular, dn∕dλ −0.022 μm −1 for λ 1.55 μm at x 0, which implies that the relative change in the effective mode index at the lens center is less than 0.0013% per nanometer wavelength change. Such a weak dispersion is beneficial for broadband applications. The robustness of the lens design is further evidenced by the comparison of the effective-mode-index profiles in Fig. 2 . It is seen that the relative shift of this profile is almost negligible when the SPP wavelength changes from 1.2 to 1.8 μm.
As a result of this feature, the plasmonic lens designed for 1.55 μm wavelength also works perfectly well for As a concluding remark, we would like to note that the plasmonic lens analyzed in this Letter has a drawback of a limited length in the x direction for given w and f . This is because the refractive index in Eq. (4) cannot be smaller than the refractive index of the material filling the dielectric gap. The maximal length L max of the plasmonic lens is given by
This length can be increased at the expense of either increasing n 0 , f , or w, or decreasing n d . It is also seen that if n d < n 0 < n d 1, then the focal length cannot be smaller than f min n d − n 0 1w∕2. The limitations imposed by the parameters L max , f , and w can be offset by using different lens design, based on the same principle of spacial modulation of the effective mode index. Specifically, one may engrave the lens' shape on one of the metallic plates constituting waveguide cladding, as it is shown by the dashed curve in Fig. 1(c) . If the shape represents a protrusion on the metallic surface, then the effective mode index within its area is larger than that of the surrounding and the lens is convex. The convex lens of this type has been recently used to focus and collimate SPPs on a single graphene sheet [19] .
In conclusion, we have proposed an efficient generic method for manipulating the flow of SPPs along MDM plasmonic waveguides. The method employs the lateral gradient of the effective mode index, which is achieved via spatial variation of the dielectric gap thickness. We illustrated the utility of our method by designing a convex plasmonic lens, whose performance was assessed using rigorous full-wave finite-element simulations. The plasmonic lens was shown to be low dispersive and operable for a wide range of optical frequencies. The concept of gradient index may also prove useful in design of plasmonic invisibility cloaks, black hole, and loss-free waveguide bends.
